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SUMMARY
Xanthine dehydrogenase from the plant Arabidopsis thaliana was analyzed on molecular and biochemical level. While most other organisms appear to own only one gene for xanthine dehydrogenase Arabidopsis thaliana possesses two genes in tandem orientation spaced by 704 basepairs. The cDNAs as well as the proteins AtXDH1 and AtXDH2 share an overall identity of 93% and show high homologies to xanthine dehydrogenases from other organisms. Whereas AtXDH2 mRNA is expressed constitutively alterations of AtXDH1 transcript levels were observed at various stresses like drought, salinity, cold and natural senescence, but also after abscisic acid treatment. Transcript alteration did not necessarily result in changes of xanthine dehydrogenase activities. While salt-treatment had no effect on xanthine dehydrogenase activities, cold stress caused a decrease, but desiccation and senescence a strong increase of activities in leaves. Because AtXDH1 presumably is the more important isoenzyme in Arabidopsis thaliana it was expressed in Pichia pastoris, purified and used for biochemical studies. AtXDH1 protein is a homodimer of about 300 kDa consisting of two identical subunits of 150 kDa. Like xanthine dehydrogenases from other organisms AtXDH1 uses hypoxanthine and xanthine as main substrates and is strongly inhibited by allopurinol. AtXDH1 could be activated by purified molybdenum cofactor sulfurase ABA3 that converts inactive desulfo-into active sulfo-enzymes. Finally it was found that AtXDH1 is a strict dehydrogenase and not an oxidase, but is able to produce superoxide radicals indicating that besides purine catabolism it might also be involved in response to various stresses that require reactive oxygen species. oxidation of cysteine residues (1) whereas the conversion of XDH into XO by limited proteolysis is irreversible (2) . In contrast to mammalian XOR the avian enzyme is exclusively present in the dehydrogenase form (3) . The ability of mammalian XO to produce superoxide and hydrogen peroxide by reducing molecular oxygen (4) led to the suggestion that it might play an important role in the pathogenesis of cellular injury (5, 6) . Among all XOR enzymes studied so far the bovine enzyme from milk is the most exhaustively studied one and recently its crystal structure has been determined for both the XDH and the XO form (7) .
Besides functional characterization of XDH/XO also the corresponding nucleotide and protein sequence information was published for organisms like humans (8) , cow (9) , rat (2), mouse (10) , chicken (3), insects (e.g. 11, 12), fungi (13) and bacteria (14, 15) . With the exception of the silkworm all organisms analyzed so far possess one XOR gene.
In plants the XDH form but not the oxidase form was purified from nodules of bean (16) , from the green algae Chlamydomonas reinhardtii (17) , from wheat leaves (18) and by guest on September 1, 2017
http://www.jbc.org/ Downloaded from 4 leaves of legumes (19) as well as from pea seedlings (20) . All plant XDH proteins were found to be homodimers with a molecular mass of approximately 300 kDa and showed highest substrate specificity for hypoxanthine and xanthine but were also able to convert purines, pterines and aldehydes at much lower rate. Beside purine degradation, plant XDH is supposed to play a role in important cellular processes: (i) plant-pathogen interactions between phytopathogenic fungi and legumes and cereals (21, 22) , (ii) cell death associated with hypersensitive response (23, 24) , and (iii) natural senescence (25) . As all these processes require the formation of reactive oxygen species XDH was supposed to be able to produce superoxide anions and/or hydrogen peroxide (25) . Supporting this hypothesis, XDH activity was found to be increased concomitant with superoxide dismutase and other oxygen related enzymes in senescent pea leaves (25) . Although much effort was spent at purification and biochemical characterization of plant XDH neither cloning of the corresponding cDNAs nor molecular data are published so far.
In this work we describe the cloning of two XDH cDNAs from Arabidopsis thaliana, their tandem arrangement in the genome, their mRNA expression levels as well as the enzymatic activities at various stresses and treatments, and the recombinant expression of Cold stress treatment at 4°C was performed in a chamber with ambient temperature for 6 hr and 20 hr and freezing stress was applied by incubating plants in small chambers precooled to -4°C. Because longer freezing stress will result in freezing of the soil freezing temperature treatment lasted only 6 hr.
Preparation of RNA.
Total RNA was prepared either as described by (26) or by using the NucleoSpin RNA Plant kit (Macherey & Nagel, Dueren, Germany) according to the manufacturers intructions.
Relative quantitative reverse transcriptase-polymerase chain reaction (RT-PCR)
. RT-PCR generated fragments were directly ligated to pGEM-T Easy (Promega, Madison, USA) and sequenced for ascertaining proper amplification.
Cloning of AtXDH2 cDNA.
Two overlapping cDNA-subfragments were generated by PCR from reverse 
Determination of protein concentrations.
Concentrations of total soluble protein were determined by use of Roti Quant solution (Roth, Karlsruhe, Germany) according to (28) .
Wavescan of AtXDH1.
Absorption spectroscopy was carried out using an Ultrospec 3000® spectrophotometer (Pharmacia, Freiburg, Germany).
Sequence analysis.
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Sequence analysis was performed with the ABI Prism Big Dye Terminator Cycle Sequencing Ready Reaction Kit on an ABI Prism 310 cycle sequencer (PE Applied Biosystems, Warrington, UK) with a pop 6 polymer.
Expression of ABA3 and AO from A. thaliana.
Recombinant molybdenum cofactor sulfurase ABA3 and aldehyde oxidase AOα from
A. thaliana were expressed and purified as described earlier by (29) and (30).
Enzyme assays.
For preparation of plant crude extracts plant material was squeezed at 4°C in two volumes of extraction buffer (100 mM potassium phosphate, 2.5 mM EDTA, 5 mM DTT, pH 7.5), sonificated and centrifugated and supernatant was used for activity assays. XDH activity in plant crude extracts and of recombinant AtXDH1 was visualized according to (31) , except that native electrophoresis in the absence of SDS was run with 7.5% polyacrylamide gels and according to (32, 33) .
RESULTS
Cloning of AtXDH1 and AtXDH2 cDNAs and their tandem arrangement in the genome.
Sequence similarity searches at "The Arabidopsis Information Resource" (TAIR, http://www.arabidopsis.org) using human and bovine full length XDH as query sequences detected two putative genes in the A. thaliana genome with higher similarity to XOR than to aldehyde oxidases (AO). Both genes were found in a tandem orientation on chromosome 4
with their reading frames pointing to the same direction ( indicating that the favored substrates of both proteins should be purines rather than aldehydes.
To 3B ).
When applying salt and cold stress to A. thaliana plants again the mRNA levels of
AtXDH1, but not of AtXDH2, were altered. While salinity (200 mM NaCl) caused a strong accumulation of AtXDH1 transcripts after 20 hr, persistent cold at 4°C as well as rapid freezing at -4°C appeared to cause a decrease of AtXDH1 transcript levels (Fig. 3C) . Although the change in mRNA amounts is more apparent under salt stress than at cold and freezing stress conditions no change in XDH activity could be observed at salinity, neither in leaves (Fig. 3C ) nor in roots (data not shown). However, cold stress and rapid freezing clearly resulted in decreased activities of XDH.
Because dehydration is another common stress that plants have to cope with we exposed A. thaliana plants to drought stress that lasted for 4 hr and resulted in a loss of fresh weight of about 50%. During this stress period mRNA amounts of AtXDH1 increased strongly in rosette leaves but at the same time dramatically decreased in roots (Fig. 3D) respond to stresses that require AO-dependent ABA synthesis (37, 29, 38) . Both the wildtype and the aba3 mutants accumulated AtXDH1 transcripts upon ABA-treatment but no increase was observed in aba3 mutants at drought stress without pretreatment of ABA (Fig. 3E) . These data strongly suggest that transcript accumulation in A. thaliana leaves at drought stress is a consequence of stress-induced ABA synthesis and thereby solely indirectly related to drought.
Concomitant to AtXDH1 transcript alteration XDH activity at drought stress was markedly increased in leaves and decreased in roots 4 hr and 20 hr after starting stress treatment (Fig.   3D ). ABA treatment without drought stress also resulted in slightly increased XDH activities in leaves of wildtype plants (Fig. 3E) , supporting that expression and activity of XDH are directly regulated by ABA rather than by drought stress itself.
Heterologous expression and purification of AtXHD1.
The phylogenetic analyses (Fig. 2) indicate that AtXDH1 and AtXDH2 are in fact xanthine dehydrogenases rather than aldehyde oxidases, but unequivocal evidence comes only from the biochemical characterization of purified enzyme. First attempts to produce recombinant AtXDH1 in E. coli yielded only negligible amounts of recombinant protein, above all lacking cofactors and therefore being inactive. For this reason a eukaryotic system, the methylotrophic yeast P. pastoris, was chosen for heterologous expression of AtXHD1.
The recombinant protein was purified by affinity chromatography followed by anion exchange chromatography. After this purification procedures the protein displayed one major band of 150 kDa in a Coomassie-stained SDS gel, well corresponding to the calculated by guest on September 1, 2017
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XOR and AO form a class of Mo-enzymes that are activated by sulfuration of their active center (39) . This step is catalyzed by a highly specific enzyme named Moco sulfurase.
Since we have recently cloned and purified the A. thaliana Moco sulfurase ABA3 (29) we wanted to know whether it could activate purified AtXDH1. After coincubation of AtXDH1 with the Moco sulfurase ABA3 an increase of AtXDH1 activity was observed (Fig. 4B) ,
indicating that the recombinant protein as obtained from P. pastoris is not fully active. A second band appearing in this experiment above the typical AtXDH1 band might indicate the formation of an AtXDH1-ABA3 complex. When comparing gel mobility of purified recombinant AtXDH1 to native XDH from A. thaliana leaf crude extracts it was found that both bands appearing after native PAGE and subsequent activity staining showed identical mobilities (Fig. 4B) . By use of gelfiltration chromatography the molecular mass of recombinant AtXDH1 was found to range between 270 and 300 kDa, indicating that AtXDH1 in its native form is a homodimer (data not shown).
The absorption spectrum of AtXDH1 (Fig. 4C ) is characterized by a maximum at 454
-458 nm and a shoulder at about 540 -590 nm, thereby corresponding to spectra of other molybdenum containing hydroxylases with typical peaks at 450 nm due to bound flavin chromophore, and a shoulder at 550 nm related to absorption of iron-sulfur centers. The absorption ratio of 2.8 at these two wavelengths is close to the ratio of 3 described for other XOR enzymes catalyze the oxidation of hypoxanthine to xanthine and of xanthine to urate with concomitant reduction of either NAD + or molecular oxygen (42) . When using hypoxanthine as substrate recombinant AtXDH1 reacted well with NAD + . However, molecular oxygen as electron acceptor yielded a maximum substrate hydroxylation of about 2.5% compared to NAD + (Table 1) indicating that AtXDH1 occurs just in the dehydrogenase form. Based on the reaction with molecular oxygen, superoxide formation by AtXDH1 was measured by reduction of cytochrome c in the presence and absence of superoxide dismutase (32, 33) . It was found that up to 22% of the electrons from xanthine were transferred to molecular oxygen to form superoxide radicals during catalysis.
In addition to hypoxanthine and xanthine, AtXDH1 catalyzes the hydroxylation of purine and various aldehydes ( (Fig. 5) .
Although AtXDH1 also converts several aldehydes conversion of these aldehydes by AOα is much more efficient. The pH optimum of AtXDH1 was found to range between 8.0 and 8.5
with NAD + as oxidizing substrate.
DISCUSSION
The present study has demonstrated that A. thaliana possesses duplicated XOR genes that are arranged in tandem orientation in the genome. Both proteins represent xanthine oxidizing hydroxylases rather than AOs which do not require reduction of NAD + for substrate conversion. Proving this assumption, recombinant AtXDH1 was shown to convert hypoxanthine and xanthine much more efficiently than aldehydes, although oxidation of aromatic indole-3-carboxaldehyde, abscisic aldehyde and naphthaldehyde was significant (Tab. 2 and Fig. 5 ). Recombinant AOα in turn was found to be unable to convert hypoxanthine and xanthine but oxidizes aldehydes much more efficiently than AtXDH1 (Fig.   5 ). Furthermore, AtXDH1 activity was completely inhibited by treatment with the typical XDH inhibitor allopurinol that is converted to alloxanthine, which remains tightly attached to the substrate binding pocket thereby preventing further substrate turn-over (43).
XORs from mammals are present mainly in the dehydrogenase form but can readily be converted to the oxidase form (44) . While XDH is the predominant enzymatic form in normal tissues and is involved in purine catabolism XO dominates in milk and in tissues subjected to injury where the production of reactive oxygen species is required. Both XDH and XO produce superoxide anions when O 2 is used as electron acceptor. Although slower in comparison to XO, XDH produces more superoxide per mol O 2 but the formation of superoxide is nearly completely inhibited by the presence of NAD + . Therefore, the physiological significance of XDH-dependent superoxide generation in mammals is questionable due to excess amounts of NAD + in cells under normal conditions (for review (6) ). However, depletion of the NAD + available to XDH relative to O 2 , is supposed to be sufficient for XDH-catalyzed production of oxygen radicals (45) . Interestingly, chicken XDH is not converted to XO and produces amounts of superoxide (40 -44%; (46)) very similar to bovine milk XDH (35 -42%; (47)) when using xanthine and O 2 as substrates. Like chicken XDH, AtXDH1 appears to be present only in the dehydrogenase form indicated by the lack of two cysteine residues responsible for reversible conversion of rat XDH to XO (Cys535 and Cys992; (48) ) and the inefficient use of O 2 as electron acceptor. Nevertheless, AtXDH1 transferred about 22% of the electrons from xanthine to O 2 to produce superoxide radicals.
Although the total amount of superoxide radicals produced by recombinant AtXDH1 appears to be too low for physiological significance the following points have to be highlighted:
AtXDH1 transcript amounts increase dramatically at senescence accompanied by an even more obvious increase of XDH activity indicating that alteration of XDH activity in A.
thaliana can be ascribed to alteration of AtXDH1 amounts and/or activity. Thus, under in vivo conditions higher amounts of native AtXDH1 protein that are activated far beyond normal levels are likely to produce also more superoxide. Whether or not superoxide production by AtXDH1 (and AtXDH2?) actually is of physiological importance remains to be investigated.
But it is without doubt that plant XDH is involved in processes that require the formation of require the generation of reactive oxygen species like superoxide radicals it might well be that the function of plant XDH at senescence is the production of superoxide radicals rather than the degradation of purines, although the latter point should not be neglected due to the requirement of purine rescue for carbon and nitrogen remobilization during aging of plants.
As found for AtXDH1, other degradative enzymes like RNases (49), proteinases (50, 51, 52) and lipases (53) unpublished data), and ABA3 expression in leaves is stimulated by ABA treatment (38) . In case of AtXDH1 leaf-specific transcript accumulation at drought stress was found to be directly correlated to enhanced ABA levels rather than to the drought stress itself (Fig. 3E ).
This might indicate a common regulation for AtXDH1 and its activating enzyme ABA3 Up to now we have not been able to detect and distinguish two separate XDH activity bands in native PAGE supporting the possibility of only one active XDH isoenzyme. On the other hand, physicochemical properties of AtXDH1 and AtXDH2 might be nearly identical due to their high degree of homology and therefore might lead to identical migration in native PAGE making a discrimination impossible. Nevertheless, we favour AtXDH1 either to be the only active XDH enzyme in A. thaliana or to be the one of greater physiological importance based on several observations: (i) at all stresses and treatments tested only AtXDH1 reacted significantly on transcript level while levels of AtXDH2 remained unaltered, (ii) concomitant to the alterations of AtXDH1 on transcript level also XDH activities changed the same way (except at salt stress), (iii) recombinant AtXDH1 and XDH from A. thaliana crude extracts displayed identical migration properties in native PAGE, and (iv) AtXDH1 was found to be able to produce superoxide, thereby likely being the protein reacting at senescence. In case of translated and active AtXDH2 we propose a more general and constitutive function during purine degradation but not at stress adaptation. 
